The influence of composition and purity of titanium on the mechanical properties and the transformation temperatures of Ni-Ti alloy dental castings was investigated by tensile testing and differential scanning calorimetry (DSC). The compositions of the ingots were 49.0-49.2at% of titanium content. Three grades of titanium of relatively high purity were used as starting materials.
INTRODUCTION
Since the Ni-Ti alloy has unique characteristics, such as a shape memory effect and super-elasticity, it has been expected to lead to the development of new devices and therapy in the medical and dental fields.
Some proposed applications of the alloy included an orthodontic arch wire1,2), a shape memory intramedallary nail3), a shape memory tooth root4), a super-elastic alloy for clasps5), a wear-resistant joint prosthesis6), a core material of an artificial silicon penile prosthesis7), a shape memory bone plate8), a ligature wire for intermaxillary fixation9), a super-elastic wire for removable orthodontic appliances10), a super-elastic expansion appliance11), and others.
The properties of the Ni-Ti alloy have also been expected to be useful for castings of dental prostheses.
However, it is difficult to cast the Ni-Ti alloy by conventional dental casting techniques since titanium is very reactive at high temperatures. Many improvements have been made for dental casting of titanium, and most of them also seem to be useful for the casting of the Ni-Ti alloy. Both a shape memory effect and super-elasticity of Ni-Ti dental castings were observed during bending and tensile tests12-17). It was reported that the mechanical properties of unalloyed titanium varied with the content of impurities18). Since the mechanical properties of the Ni-Ti alloy are sensitive to change in composition19), the authors investigated the influence of the composition and the purity of materials on the tensile properties and the transformation temperatures of Ni-Ti alloy castings with the aim of applying the special properties for use in dental prostheses or H. DOI and H. HAMANAKA appliances.
MATERIALS AND METHODS
Specimen preparation 
RESULTS
Composition Fig. 1 shows typical stress-strain curves of Ni-Ti alloy castings of different compositions with the SSU titanium.
If the specimen was not ruptured at 3.0% strain, it was unloaded and stressed again until it did break. Although the specimens of Ni-49.0Ti were brittle, Ni-49.1Ti showed a hysteresis curve at body temperature, 310K. After the elastic limit was exceeded, the slope of the curve changed in a manner similar to plastic deformation in the usual alloys. However, the strain decreased close to zero after unloading due to its super-elasticity.
In the Ni-49.2Ti curve, apparent proof strength decreased, while some residual strain remained. Fig. 2 shows the change in mechanical properties of Ni-Ti alloy castings by composition. Apparent proof strength decreased with increasing titanium content from 49.0 to 49.2at% while no significant difference was recognized in tensile strength.
Residual strain and elongation increased with increasing titanium content, when no statistical data were obtained for the residual strain of Ni-49.0Ti because of the lack of elongation. Purity of material Fig. 3 shows typical stress-strain curves of Ni-49.2Ti alloy castings with different grades of titanium. The purity of titanium was highest in SSU, and poorer in S-90 and S-95, as shown in Table 1 . The Ni-49.2Ti castings with S-95 were brittle and broke under 3.0% strain. The specimens with SSU and S-90 were not ruptured at 3.0% strain and showed hysteresis curves at 310K. Fig. 4 shows the change in mechanical properties of Ni-49.2Ti alloy castings by grade of the titanium. Apparent proof strength increased with decreasing titanium purity. There was no significant difference in tensile strength.
Residual strain and elongation decreased with decreasing titanium purity.
Transformation temperature Two of the transformation temperatures, the martensitic transformation starting temperature (Ms) and the reverse transformation finishing temperature (Af) points, of Ni-Ti alloy castings are shown in Table 2 . The Ms point of Ni-49.0Ti with SSU was 255K, and increased by 22K with increasing titanium content of 0.2at%.
The Ms point of Ni-49.2Ti decreased by 7K with decreasing titanium purity from SSU to S-90. The Af point of these alloys changed in a similar manner. All the Af points of the Ni-Ti alloy tested in this study were below 310K. 
DISCUSSION
Since shape memory effect and super-elasticity of Ni-Ti alloy are the phenomena caused by martensitic transformation and the associated reverse transformation, transformation temperatures of the Ni-Ti alloy have a great influence on its mechanical properties. The shape memory effect is observed when a deformed shape recovers by heating above the Af point, and super-elasticity is observed when a deformation above the Af point over the elatic limit recovers by being unloaded.
In this study, the influence of the composition and the purity of titanium on the tensile properties and the transformation temperatures of Ni-Ti alloy castings were investigated with the aim of applying the alloy castings in dental prostheses or appliances . The tested composition range was 49.0-49.2at% titanium in forming the alloy ingots with the expectation of super-elasticity.
The selected grades of titanium were those of highest purity , because the properties of Ni-Ti alloy are known to be very sensitive to impurities21) .
The influence of the titanium's purity on the tensile properties of Ni-Ti alloy castings is similar to that of the composition as shown in Figs. 1-4 . The tensile properties of Ni-49.2Ti alloy castings with the titanium of lower purity resembled those of a lower titanium content of 49.0-49.1at%. It is thought that this change in tensile properties is mainly caused by the change in transformation temperatures.
Lower titanium content and deterioration of titanium purity lowered the MS and Af points, as shown in Table 2 . The deterioration of titanium purity from SSU to S-90 is presumed to be about 0.1mass%, taken from the data in Table  1 . Accordingly, the decrease of titanium content in the composition of Ni-49.2Ti alloy is estimated to be around 0.05at%. This agrees with the reduction of transformation temperatures shown in Table 2 . It is known that the reduction of transformation temperatures also occurs by the presence of impurities, e.g., oxygen, carbon and 3d transition metals21) .
The apparent proof strength of the Ni-Ti alloy increased with decreasing titanium content.
The main reason for this change is thought to be the lowered martensitic transformation temperature range, according to the Clausius-Clapeyron relation22) . No significant change as the result of titanium content was recognized in the tensile strength of the Ni-Ti alloy; however, a clear difference was observed in the mode of its appearance , as depicted in Figs. 1 and 3 . The tensile strength of specimens with the lower titanium content appeared at relatively small elongation after the apparent proof strength , while that of specimens with the higher titanium content appeared at a large elongation after the plateau of stress-induced martensitic transformation. 
